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t. In this paper we provide a motivation for Grid 
omputingbased on a vision to enable a 
ollaborative resear
h environment. Ourvision goes beyond the 
onne
tion of hardware resour
es. We argue thatwith an infrastru
ture su
h as the Grid, new modalities for 
ollaborativeresear
h are enabled. We provide an overview showing why Grid resear
his diÆ
ult, and we present a number of management-related issues thatmust be addressed to make Grids a reality. We list proje
ts that providesolutions to subsets of these issues.1 Introdu
tionThe Grid approa
h is an important development in the dis
ipline of 
omputers
ien
e and engineering. It is making rapid progress on several levels, in
ludingthe de�nition of terminology, the design of an ar
hite
ture and framework, theappli
ation in s
ienti�
 problems, and the 
reation of physi
al instantiations ofGrids on a produ
tion level. In this paper we outline important management is-sues in
uen
ing 
urrent Grid 
omputing e�orts. A strong overlap between past,
urrent, and future resear
h in other dis
iplines in
uen
es this new area andmakes answers to some of the questions 
omplex. Nevertheless, we hope thatreaders will be en
ouraged to 
ontribute to the ongoing Grid e�orts, either byenhan
ing the infrastru
ture or by using it to provide solutions for applied par-allel 
omputing.The paper is stru
tured as follows. First, we motivate the 
reation of Gridsbased on a vision for a s
ienti�
 
ollaboratory. We list a number of managementissues that need to be addressed to make a Grid a reality. Next we list severaltools that address a subset of these problems. We list a number of produ
tionGrids that 
an be used to prototype Grid based appli
ations. Last, we summarizefuture work.1.1 Vision for an Open International S
ienti�
 CollaboratoryFirst, we identify what motivates us to develop a Grid approa
h. We simplify ourpresentation by providing an example for a parti
ular s
ienti�
 domain, meteo-rology. The ingredients for an a

urate weather predi
tion are a model allowing
al
ulations based on observations for the up
oming weather (see Fig. 1).



10 L. F. Ri
hardson expressed the �rst modern vision for numeri
al weather pre-di
tion in 1922. Within two de
ades, the �rst prototype of a predi
tive systemwas implemented by von Neuman, Charney, and others on the �rst generationof 
omputers [1℄. With the in
reased power of 
omputers, numeri
al weatherpredi
tion be
ame a reality in the 1960s and initiated a revolution in the �eldthat we are still experien
ing today.But what vision promotes a Grid-like s
enario for weather predi
tion?In 
ontrast to these early weather predi
tion models, today the s
ienti�
 
om-munity understands that 
omplex 
hemi
al pro
esses and their intera
tions withland and sea have to be 
onsidered. The information based on observations isstill in
omplete, and international e�orts are under way to improve this situa-tion. Thus, we see that one of the ingredients for a su

essful weather fore
ast is asophisti
ated sensor network. Another important ingredient is a

urate models.A group of interdis
iplinary s
ientists is ne
essary to derive su
h models whilesharing the intelle
tual property of their 
ontributions with the 
ommunity. Athird ingredient is high-end distributed 
omputers. We believe that althoughtodays super
omputers o�er enormous power, predi
tive 
limate and weathermodeling will require distributed 
omputing, exploiting diverse 
omputationalresour
es at dispersed lo
ations.
observations model predictionobservations model prediction

feedback

consumersensors compute and storage
facilities

scientists

calculatecollaboratemeasure deliver

Fig. 1.Weather fore
asting is a 
omplex pro
ess that requires a 
omplex infrastru
ture.The result is delivered appropriately to 
onsumers.Thus, we have identi�ed the need for an infrastru
ture that allows us to 
reatea dynami
, dispersed set of sensor, data, 
ompute, 
ollaboration, and deliverynetworks. Su
h a Grid-like infrastru
ture is now being developed, enabling aninternational 
ommunity to formulate fore
asts as a 
ollaborative and interdis-
iplinary e�ort while providing proper delivery to 
onsumers. In summary, theGrid approa
h promotes a vision for sophisti
ated international s
ienti�
 andbusiness oriented 
ollaboratories.



111.2 Histori
al Perspe
tive: Making the Vision a RealityWhen we look at why it is now possible to develop very sophisti
ated fore
astmodels, we see an in
rease in understanding, 
apa
ity, 
apability, and a

ura
yon all levels of our infrastru
ture.Clearly, te
hnology has advan
ed dramati
ally.. Sensor infrastru
ture to mea-sure data for the input in predi
tion models has expanded from temperature mea-surements on the surfa
e to Doppler radar, weather balloons, and weather satel-lites; and many more improvements are under way to improve further 
overageand a

ura
y. Communi
ation satellites and the Internet enable remote a

essto regional and international databases 
olle
ting the weather measurements.Collaborative infrastru
tures su
h as the A

ess Grid have moved ex
hange ofinformation beyond the desktop. These advan
es have profoundly a�e
ted theway s
ientists work with ea
h other.Compute power also has steadily in
reased. Indeed, as for more than threede
ades, 
omputer speed has doubled every eighteen months, and this trend isexpe
ted to last at least for the next de
ade. Furthermore, over the past �veyears network bandwidth has in
reased at a mu
h larger rate, leading expertsto believe that the network speed doubles every nine months. At the same time,the 
ost of produ
tion for network and 
omputer hardware is de
reasing.Besides the in
rease in 
apability, we also observe a 
hange in modality of
omputer operation. The �rst generation of super
omputing enterprise was 
on-
erned mostly with the development of high-end mainframes, ve
tor pro
essors,and parallel 
omputers. A

ess to this expensive infrastru
ture was providedand 
ontrolled as part of a single institution within a single administrative do-main. With the advent of network te
hnologies, promoting 
onne
tivity between
omputers, and the 
reation of the Internet, promoting 
onne
tivity betweendi�erent organizations, we observe a trend leading away from the 
entralized
omputing 
enter to a de
entralized environment. As part of this trend, it wasnatural to 
olle
t geographi
ally dispersed and possibly heterogeneous 
omputerresour
es, typi
ally as networks of workstations or super
omputers. The �rst
onne
tions between high-end 
omputers to solve a problem in parallel on thesema
hines were termed a meta
omputer. The term is believed to be originatedas part of a gigabit testbed [2℄. Mu
h resear
h in this area has been in
uentialin shaping what we now term the Grid approa
h or 
on
ept.1.3 The Term GridThe term \Grid" is an analogy to the ele
tri
 power grid that allows pervasivea

ess to ele
tri
 power. In a similar fashion, 
omputing Grids provide a

essto pervasive 
olle
tions of 
ompute-related resour
es and servi
es. Already in1965, the designers of the Multi
s operating system envisioned and named re-quirements for a 
omputer fa
ility operating \like a power 
ompany or water
ompany" [3℄, and others anti
ipated Grid-like s
enarios [4℄.We emphasize that the 
on
ept of the Grid goes far beyond just sharing
ompute resour
es in a distributed fashion. Besides super
omputers and 
om-pute pools, Grids in
lude a

ess to information resour
es (su
h as large-s
ale



12databases) and a

ess to knowledge resour
es (su
h as 
ollaboration between
olleagues). Additionally, we expe
t that multiple Grids will exist and be sup-ported by multiple organizations. This is also analogous to the ele
tri
al powergrid where multiple power 
ompanies may maintain their own grids while pro-viding persistent servi
es to the user 
ommunity a

essed as part of a 
ommunityprodu
tion Grid. To manage su
h a 
ommunity produ
tion Grid, it is ne
essaryto de�ne sharing rules that govern membership and operation2 Grid Management Fa
etsReviewing Fig. 1 we observe that the envisioned Grid infrastru
ture raises sig-ni�
ant 
ontrol issues. For example, we have to deal with the 
ontrol of 
ommu-nities, information, data, tasks, hardware, servi
es, and appli
ations or software.Within ea
h of these management 
hallenges, we �nd a number of issues thatmust be addressed, su
h as se
urity, heterogeneity, quality, distribution, dispar-ity, dynami
ity, unpredi
tability, interoperability, and 
ompatibility. In ea
h 
asewe must 
onsider the dynami
, unpredi
table properties of the Grid, while atthe same time try to provide a reliable and persistent infrastru
ture. Addition-ally, we want to enable open 
ollaborations, while at the same time prote
t the
ollaboration with appropriate se
urity restri
tions. These apparent 
ontradi
-tions { desire for reliability vs. a potential unreliable infrastru
ture, or restri
tedvs. unrestri
ted a

ess to information { provide 
omplex 
hallenges for Grids.In order for Grids to be
ome a reality, we must develop infrastru
tures, frame-works, and tools that address these 
hallenges. Several state-of-the-art proje
tstry to provide solutions to a subset of these issues. We hope, as part of the Grid
ommunity, that a large number of issues 
an be addressed while learning fromexisting solutions.2.1 A Role-Based Layered Grid Ar
hite
tureThe se
ure a

ess to a 
olle
tively 
ontrolled set of physi
al resour
es reusedby appli
ations motivates a role-based layered ar
hite
ture that is outlined in[5℄ and [6℄. Within this ar
hite
ture, it is easy to identify fundamental system
omponents, spe
ify the purpose and fun
tion of these 
omponents, and indi
atehow these 
omponents intera
t with one another. The ar
hite
ture 
lassi�es pro-to
ols, servi
es, appli
ation programming interfa
es, and software developmentkits a

ording to their role in resour
e sharing. It identi�es �ve layers: fabri
,
onne
tivity, resour
e, 
olle
tive, and appli
ation layers. Interoperability is pre-served by using a small standard set of proto
ols assisting in the se
ure ex
hangeof information and data amongst single resour
es. These resour
es are managedby 
olle
tive servi
es in order to provide the illusion of a single resour
e to ap-pli
ation designers and users. The layers within the ar
hite
ture are de�ned asfollows:{ The fabri
 layer 
ontains proto
ols, appli
ation interfa
es, and toolkits thatallow development of servi
es and 
omponents to a

ess lo
ally 
ontrolledresour
es, su
h as 
omputers, storage resour
es, networks, and sensors.



13{ The 
onne
tivity and resour
e layer in
ludes the ne
essary Grid-spe
i�
 
ore
ommuni
ation and authenti
ation support to perform se
ure network trans-a
tions with the resour
es within the Grid fabri
. This in
ludes proto
ols andservi
es allowing se
ure message ex
hange, authenti
ation, and authoriza-tion. It is bene�
ial to develop a small set of standard proto
ols and servi
esto provide the means of interoperability. The resour
e layer 
ontains proto-
ols that enable se
ure a

ess and monitoring by 
olle
tive operations.{ The 
olle
tive layer is 
on
erned with the 
oordination of multiple resour
esand de�nes 
olle
tions of resour
es that are part of a virtual organization [1℄.Popular examples of su
h servi
es are dire
tories for resour
e dis
overy andbrokers for distributed task and job s
heduling.{ The appli
ation layer 
omprises the users appli
ations that are used withina virtual organization.Ea
h of these layers may 
ontain proto
ols, appli
ation-programming inter-fa
es (APIs), and software development kits (SDKs) to support the developmentof Grid appli
ations and servi
es. A bene�t of this ar
hite
ture is the ability tobootstrap a 
omplex Grid framework while su

essively re�ning it on variouslevels. We emphasize that our ar
hite
ture 
an be supported with an immenselyri
h set of already de�ned appli
ation interfa
es, proto
ols, toolkits, and ser-vi
es provided through 
ommodity te
hnologies and developments within highend 
omputing. Reuse and extension of these standards, based on Grid spe
i�
requirements, will support the development of Grids.2.2 Grid Servi
esOver the next few years, we will observe a shift within information te
hnologiestoward the servi
e 
on
ept. From the perspe
tive of Grid 
omputing we de�ne aservi
e as a platform-independent software 
omponent, whi
h is des
ribed witha des
ription language and published within a dire
tory or registry by a servi
eprovider. A servi
e requester 
an lo
ate a set of servi
es with a query to theregistry., a pro
ess known as resour
e dis
overy. This me
hanism has been usedby many Grid-related proje
ts. Examples are [7℄ and, more re
ent, the GlobusMeta
omputing Dire
tory Servi
e [8℄. A suitable servi
e 
an then be sele
tedand invoked, a pro
ess known as binding.The usefulness of the servi
e-based ar
hite
ture within Grid 
an be illustratedby s
heduling a task on a 
omputer 
luster. First, we lo
ate a set of possibleresour
es. Next, we sele
t a 
ompute resour
e from this set where we wouldlike to s
hedule our task. A 
riterion to sele
t su
h a resour
e 
ould be 
ostor load balan
e among the resour
es. On
e a suitable resour
e is sele
ted, webind the task of exe
ution to this resour
e. An important aspe
t of servi
es isthe possibility to easily 
ompose new servi
es while using existing ones. This isenabled by the standard des
ription not only of the proto
ol, but also of thebehavioral des
ription of su
h a servi
e.Clearly, it is possible to develop 
omplex 
ows between servi
es. As thisservi
e model deals with the use of asyn
hronous servi
es, it will be importantto deal appropriately with servi
e guarantees in order to avoid deadlo
ks.



14 This 
on
ept has been in wide use not only by the Grid 
ommunity, but alsoby the business 
ommunity. These realizations led to re
ent 
ollaborative e�ortsbetween the Grid and the business 
ommunity. An example of su
h an a
tivityis the 
reation of the Open Grid Servi
e Ar
hite
ture [9℄.2.3 Grid Se
urity Management Aspe
tsSin
e the Grid approa
h deals with heterogeneous and dispersed resour
es andservi
es, se
urity aspe
ts within Grids play an important role. Most 
ommodityse
urity servi
es available today enable the intera
tion between two peers. The
on
epts used to enable this are authenti
ation, authorization, en
ryption, andnonrepudiation.{ Authenti
ation deals with the veri�
ation of the identity of an entity withinthe Grid. Though this is 
ommonly asso
iated only with identi�
ation of aGrid user, the Grid also requires authenti
ation of resour
es and servi
esprovided as part of the Grid.{ Authorization deals with the veri�
ation of an a
tion an entity 
an per-form after authenti
ation was su

essfully performed. Thus, poli
ies mustbe established that determine the 
apabilities of allowed a
tions. A typi
alexample is the use of a bat
h queue byuser A between 3 and 4 o
lo
k, butby user B only from 5 to 6 o
lo
k. In general, poli
ies determine who 
an dowhat and when at whi
h resour
e.{ En
ryption provides a me
hanism for prote
ting the 
on�dentiality of mes-sages in transit between two peers.{ Nonrepudiation deals with issues that provide data or message integrity, su
has verifying that data was not 
hanged a

identally or mali
iously duringmessage transmission.Besides these general se
urity issues, the Grid infrastru
ture poses unique re-quirements. For instan
e, it is unfeasible to authenti
ate via password 
hallengesfor a user on thousands of di�erent resour
es.{ Single sign-on is a me
hanism must exist to support authenti
ation to alarge number of Grid resour
es on behalf of the user or resour
e while del-egating the task of authenti
ation to a servi
e a
ting on behalf of the user(also 
alled a proxy servi
e). Su
h a servi
e will typi
ally 
reate a temporary
redential (often referred to as a se
ure proxy) that is used for authenti
a-tion. An important fa
tor to 
onsider within single sign-on is that di�erentdomains may provide di�erent lo
al se
urity me
hanisms. Thusany solutionmust be able to deal with di�erent identity mappings, su
h as Unix a

ountsa

essible through PKI or Kerberos.{ Delegation is the pro
ess of one Grid entity a
ting on behalf of another Gridentity. Delegation must be performed 
arefully as it is possible to 
reatedelegation 
hains. A simple example of su
h a 
hain is the initiation of apro
ess on a resour
e D, initiated by a resour
e A, and subsequently dele-gated through B and C (A!B!C!D). Delegation must be designed and



15evaluated 
arefully in order to minimize the risk for exploits. In general, weobserve the longer the 
hain, the greater the risk for misuse. A

ordingly, itis desirable to 
reate what we term limited delegation. This in
ludes pro
ure-ments for authenti
ation restri
tion with more sophisti
ated Grid servi
es.Thus, we 
an 
reate a limited proxy that in
ludes for example restri
tionson the usage of the Grid resour
e to be used.{ Community authorization provides me
hanisms for a virtual organization tode�ne poli
ies for groups of users that 
an be applied to enabling a

ess
ontrol to resour
es by a 
ommunity. This servi
e is needed in 
ase it isimpossible or impra
ti
al to keep tra
k of the a

ess to a resour
e on a user-by-user basis. An authority that establishes trust between the peers regulatesin
lusion in su
h a 
ommunity. In this sense 
ommunity authorization enablessingle-sign-on to resour
es while being delegated to a trusted authority.{ Se
ure exe
ution is desired in environments where the user 
ommunity be-
omes too large to handle. In these 
ases, it is important to provide a servi
ethat 
an run untrusted appli
ations (those submitted by the users) in atrusted environment (the 
ompute 
enter or 
luster); the 
on
ept of virtualma
hines essential for su
h a servi
e.We must 
onsider the user 
ommunity when designing a se
urity infrastru
-ture for appli
ations and servi
es running in a Grid environment. Many users areunwilling to deal with obtrusive se
urity pro
edures, but at the same time expe
ta reasonable level of se
urity. Hen
e, it is of utmost importan
e to present these
urity me
hanisms to the users in an easy and mostly transparent way. A min-imum level of understanding by users is ne
essary, so that they 
an spe
ify theirown se
urity requirements and understand what se
urity guarantees or risks theGrid provides. Thus, it is ne
essary to in
lude an edu
ational servi
e as part ofthe strategy of produ
tion Grids. This 
an provide the ne
essary explanationsand guidan
e for a

essing Grid resour
es and developing se
ure servi
e.2.4 Grid Information Management Aspe
tsWithin Grids, information about the users and the system is 
riti
al. User infor-mation will help to establish 
ollaborative sessions and system information willhelp us to sele
t the appropriate resour
es and appli
ations for a problem solvingpro
ess. The availability of su
h information enables us to maintain, 
on�gure,and use the heterogeneous and dynami
ally 
hanging Grid infrastru
ture. Re-quired 
hara
teristi
s that must be imposed on su
h an information servi
e tosupport Grids are uniform, 
exible a

ess to information, s
alable, eÆ
ient a
-
ess to dynami
 data, a

ess to multiple information sour
es, and de
entralizedmaintenan
e.The 
reation of su
h an information servi
e must be a 
entral part of ea
hGrid toolkit and appli
ation. In the past, we have seen the use of distributeddire
tories to enable su
h a servi
e. Often it is possible to use a 
entrally main-tained relational database to serve the same purpose. In any 
ase, the design ofa s
alable information servi
e must 
onsider the distributed nature of the Grid.



16Furthermore, it is often ignored that the resour
e owners may not wish to exportthe information about their system to unauthorized users. Though the restri
teda

ess to information is already possible, it is not adequately addressed withinthe �rst generation of prototype produ
tion Grids.2.5 Grid Data Management Aspe
tsEa
h program exe
uted in a Grid is dependent on data, and the data require-ments typi
ally are enormous. For example, a high-energy experiment requiresstoring petabytes of data a day. To 
ompensate for limited storage 
apa
ities atremote sites, servi
es that perform delivery on demand may augment the datawith a lifetime to limit the amount of a
tual data in the Grid. In 
ase the 
al-
ulation 
annot be performed on the server where the data is lo
ated, we mustbe able to eÆ
iently repli
ate that data elsewhere. Thus, a reliable �le transferservi
e must be provided to move the data between sour
e and destination onbehalf of the issuing 
lient. To redu
e the amount of data during a transfer,appropriate �lters may be needed.. In 
ase the data 
an be 
reated with lesse�ort than the a
tual data transfer, it may be advantageous to augment datawith pedigree information about how to generate the data instead of storing thea
tual data itself. Data 
a
hes at remote sites may be used to redu
e the needfor data repli
ation even further.2.6 Grid Exe
ution and Resour
e ManagementCal
ulations on resour
es within the Grid are 
ontrolled by exe
ution servi
es.The simplest form involves exe
ution servi
es that are part of the operatingsystem and allow exe
ution of jobs and tasks on a single resour
e. A Grid se
urityinfrastru
ture must be in pla
e that provides authenti
ation and authorizationme
hanisms to govern the use of this resour
e. Bat
h queuing systems provide a
onvenient way to extend su
h an exe
ution servi
e to a 
luster, a parallel, or asuper
omputer. In 
ase we would like to use multiple instan
es of su
h resour
es,a resour
e 
o-allo
ation me
hanism is needed. First, we have to identify a suitableset of resour
es based on the Grid information servi
e. Then, we have to verifythat the sele
ted resour
es are available; if they are not, an algorithm determineshow to ful�ll the users request. On
e we have a set of suitable resour
es, wereserve them and �nally exe
ute our tasks on this agglomeration of resour
es.Algorithms to 
ontrol the 
olle
tive use of su
h resour
es may be quite 
om-plex. Sin
e the algorithmi
 impli
ations for s
heduling in su
h an environmentare an NP 
omplete problem, heuristi
s may be used to solve the s
hedulingproblem and to guarantee the exe
ution of the tasks. Resear
hers are 
urrentlyexploring the use of 
ombinatorial optimization strategies, sto
hasti
 sampling,e
onomi
 models, and agent based systems to study this quality-of-servi
e (QoS)problem.. In order to address the s
heduling problem, smart servi
es are ne
es-sary that 
an deal with deadlo
k prevention, avoidan
e, and QoS guarantees onlo
al and global s
ale. Often, 
ompli
ated work
ows must be formulated as partof the 
omplex interdis
iplinary appli
ations run by s
ientists on Grids. Thus, it



17is ne
essary to provide work
ow management servi
es that allow 
ontrol of the
ow of data and appli
ations as part of the problem-solving pro
ess.2.7 Grid Software ManagementDeployment of appli
ations, 
omponents, and servi
es in a distributed hetero-geneous environment is a tremendously 
hallenging problem. In parti
ular, wemust guarantee interoperability between di�erent versions of software and li-braries on already installed and operational software and servi
es. The use ofthe Grid servi
e model des
ribed earlier o�ers a partial solution to this prob-lem by providing metadata to ea
h appli
ation and servi
e installed on the Gridthat 
an be queried through the Grid information servi
e. In this way, it is pos-sible to in
lude portability data within the infrastru
ture, whi
h will be used aspart of an authorization servi
e to verify whether servi
es or appli
ations 
aninteroperate [10℄.2.8 Grid Hardware ManagementThe resour
e providers are responsible for hardware management on the Grid.Noti�
ations about downtimes and maintenan
e upgrades must be availablethrough the information servi
e in order to simplify �nding suitable resour
eswith servi
e guarantees to the user. In general, hardware management must beaugmented with an appropriate infrastru
ture on the hardware servi
e providerside. Quality-of-servi
e augmentations on the hardware level (for example, innetworks) 
ould provide a profound advantage for future Grid infrastru
tures.3 The Grid CommunitiesAs apparent from the diversity of the Grid approa
h, a variety of 
ommunitiesare supported by Grids. Ea
h of these 
ommunities has its own requirementsthat have a profound impa
t on the development of Grids. Within todays Grid
ommunity, we identify three basi
 
lasses of 
ommunities dealing with manyGrid related a
tivities:{ Development: Grid programmers that develop servi
es in a 
ollaborativefashion to for deployment in the Grid.{ Appli
ation: S
ienti�
 or appli
ation users that a

ess the servi
es providedas part of the Grid.{ Community Building: Administrators that deploy servi
es and appli
ationsin produ
tion Grids in order to make them a

essible to others.While todays Grid users in
lude mostly large s
ale s
ienti�
 appli
ation usersand developers, we expe
t that with the availability of robust Grid toolkits the
ommunity will expand to the �nan
ial se
tor, the health 
are se
tor, smalls
ale industries, and even the 
ommon household user needing a

ess to servi
es



18resour
es a

essible through the Grid. Thus the Grid will be instrumental infurthering the s
ienti�
 dis
overy pro
ess [11℄ while developing the next genera-tion of 
ommunity problem solving environments. Criti
al to the establishmentof these Grid 
ommunities will be the development of interoperability standardsand poli
ies.3.1 Global Grid ForumThe Global Grid Forum (GGF) is an international 
ommunity-initiated forumof individual resear
hers and pra
titioners working on various fa
ets of Grids.The mission of the GGF is to promote and develop Grid te
hnologies and ap-pli
ations via the development and do
umentation of \best pra
ti
es", imple-mentation guidelines, and standards with an emphasis on \rough 
onsensus andrunning 
ode". The obje
tive is to support with su
h standards the 
reationof produ
tion Grids; address infrastru
ture obsta
les inhibiting the 
reation ofthese Grids; perform edu
ational outrea
h; and fa
ilitate the use of Grid te
h-nologies within diverse appli
ation 
ommunities. Based on the IETF model, theGGF 
ontains several area groups and, within these areas, working groups deal-ing with a parti
ular Grid-related problem. The 
urrent areas in
lude informa-tion servi
es, se
urity, s
heduling and management, performan
e, ar
hite
ture,data, and appli
ations and models. Regular meetings are held in whi
h over twohundred organizations from more than thirty 
ountries are represented [12℄.3.2 Produ
tion GridsFor appli
ation s
ientists it is important to have a

ess to produ
tion Gridsthat allow the integration of their 
odes within an existing infrastru
ture. Thus,a number of produ
tion Grid e�orts have been 
reated that spawn variousadministrative domains. To name only a few, the NASA Information PowerGrid (IPG) [13℄, the Allian
e Virtual Ma
hine Room (VMR) [14℄, DOE S
ien
eGrid [15℄, EuroGrid [16℄, ApGrid [17℄, and DataGrid [18℄ have made progress indeveloping fundamental te
hnologies needed to build su
h high-end Grids [19℄,[20℄, [21℄. A well-trained administrative sta� performs the deployment of servi
esand 
omponents in su
h 
olle
tively maintained produ
tion Grids. Additionally,vast amounts of spare 
ompute resour
es, su
h as workstations and personal
omputers, are part of a shared 
omputing pool resour
e. This pool of resour
es
an be a

essed by a trusted appli
ation (as demonstrated by the SETI�homeproje
t [22℄) or by the members of the 
ommunity that 
ontribute to the 
om-pute pool (as demonstrated by the Condor proje
t [23℄, [24℄. In ea
h 
ase, it isimportant that deployment issues be 
arefully addressed in order to minimizethe hurdle of deploying the ne
essary 
omponents on the lo
al 
lients. For 
ol-laboration between s
ientists, resear
h e�orts su
h as the A

ess Grid are ofimportan
e [25℄.



193.3 Grid MiddlewareOver the past few years many proje
ts have developed middleware that enablesthe 
reation of produ
tion Grids. Most notable is the Globus Proje
t, whi
h hasde�ned the 
urrent de-fa
to standard for Grid middleware [26℄. Additionally,
onsiderable e�ort has been expended to expose the fun
tionality of the Gridmiddleware through so 
alled 
ommodity Grid kits for 
ommodity te
hnologiessu
h as Java [21℄ and Python [27℄. These 
ommodity Grid kits also providebridges to other 
ommodity te
hnologies su
h as Web servi
es [28℄. Other e�ortsare Legion [29℄ and Condor [30℄. Akenti [31℄ provides a se
urity model and ar
hi-te
ture providing s
alable se
urity servi
es in Grids. The SDSC Storage Resour
eBroker (SRB) [32℄ is a 
lient-server servi
e that provides a uniform interfa
e for
onne
ting to heterogeneous remote data resour
es and a

essing repli
ated datasets. The Network Weather Servi
e [33℄ provides an initial solution to distributedmonitoring of resour
es that periodi
ally re
ords and fore
asts the performan
eof various network and 
omputational resour
es over time. Many more proje
tsexist and are represented within the GGF.4 PortalsFuture Grid e�orts will need to address the problem of exposing their fun
tion-ality through 
onvenient portals that are used by a parti
ular 
ommunity. Onlyif the 
on
ept of the Grid is hidden from the end-user we will a
hieve a seamlessintegration of Grids in the s
ienti�
 workpla
e. The term portal is not 
learlyde�ned within the 
ommunity, as it sometimes represents integrated desktops,ele
troni
 market pla
es, or a

ess to information hubs. We believe the termportal must be used in a more general sense, providing the ability to build 
om-munities and present information relevant to the 
ommunity. This also in
ludesthe integration of appli
ations and servi
es that bene�t the 
ommunity. Similarto portals for ele
troni
 business, the key is to integrate data and informationwith appli
ations and servi
es by the targeted user 
ommunity (see Fig. 2).Thus, we de�ne a portal as a single point of entry to an integrated servi
eproviding a

ess to information and data, appli
ations, and servi
es by users.Note that this de�nition does not in
lude the use of a parti
ular proto
ol su
has HTTP. Most 
ommon are Web portals that build the 
urrent generation ofportals based on the HTTP proto
ol while a

essing the information through abrowser. A Grid portal provides a spe
ialized portal useful for users of produ
tionGrids. The servi
es o�ered support the use of Grids and simplify a

ess to theseprodu
tion Grids. Naturally, a Grid portal will in
lude information about thestatus of the Grid resour
es and servi
es. Commonly this in
ludes the status ofbat
h queuing systems, load, and network performan
e between the resour
es.Furthermore, it may in
lude information related to a 
ommunity su
h as the
limatology 
ommunity to provide a targeted a

ess point to useful other high-end servi
es, su
h as the generation of a 
ompute and data intense parameterstudy for 
limate 
hange.
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Fig. 2. Portals provide an a

ess point of entry that helps to integrate information anddata, appli
ation and servi
es by their users.In 
ontrast to Web portals, Grid portals may not be restri
ted to simplebrowser te
hnologies, as it is often the 
ase that the data visualization 
apabil-ities ex
eed those of a 
ommon Web browser. Displaying data su
h as ma
ro-mole
ules or three-dimensional high-resolution weather data requires the use ofspe
ialized plug-ins or exe
utables. These 
ustom-designed visual 
omponentsare usually installed outside of a browsers, similar to the installation of MP3players, PDF browsers, and video 
onferen
ing tools. Figure 9 outlines a sim-ple ar
hite
ture for Grid portals that we believe will be basis for many Gridportal a
tivities. Spe
ial attention needs to be pla
ed on the deployment andadministrative servi
es, as they are almost always ignored in 
ommon portala
tivities. A portal 
an fun
tion only if the administrative and deployment ser-vi
es are 
arefully worked out. In order to rapidly 
reate su
h portals, it is ofadvantage to 
hoose 
ommodity te
hnologies. The use of JavaBeans and JSP issupported in many Web portal design interfa
e development environments. Thusit is of advantage to develop Grid portal toolkits that 
an be integrated in su
henvironments.Examples for portals are HotPage [34℄, Web
ow and its su

essor Gate-way [35℄, [36℄, XCAT [37℄, UNICORE (UNiform Interfa
e to COmputing RE-sour
es) [38℄ JiPANG(Jini-based Portal Augmenting Grids) [39℄ Ninf [40℄, Net-Solve [41℄, and the Globus Toolkit [19℄ via the Java CoG Kit [21℄. A simpleJava API provides the user with a uniform interfa
e to the Grids. A spe
ializedJiPANG browser allows the intera
tive a

ess to Grid resour
es and servi
es.5 Commer
ial Grid A
tivitiesMany 
ompanies have su

essfully delivered tools that are integrated in ourglobal vision of Grids. Bat
h queuing systems su
h as LSF, PBS, and CODINE(now part of SUNs Gridengine),are well known within the 
ommunity. Mu
h
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Fig. 3. A portal ar
hite
ture for Grid portals.of the Grid 
ommunity was based on the development of integrated servi
esthat hide the di�eren
es between the implementations. Globus Toolkit, Legion,and even earlier Web
ow a
tivities were su

essful in hiding su
h di�eren
es.Nevertheless, the 
urrent generation of middleware ( often represented by Legionand the Globus Toolkit) has rea
hed a sophisti
ation that goes beyond the initialresear
h proje
ts. Legion is today marketed through Avaki, whi
h was 
ofoundedby the developers of Legion. The Globus Toolkit, whi
h maintains a free opensour
e toolkit, is now marketed by a number of 
ompanies that in
lude supportas part of their business model.The newest development in industry and resear
h promoting Web servi
esthrough e�orts su
h as IBMs 
ommitment to the Web servi
es framework, Mi-
rosofts .Net, and SUNs Web servi
es and JXTA framework will be major driversfor the next generation of Grid software. The development of an Open Grid Ser-vi
e Ar
hite
ture [9℄ together with 
ompanies su
h as IBM promises to integratebusiness and resear
h models and pro
esses in order to leverage from ea
h otherste
hnologies. Besides su
h a de�nition of an ar
hite
ture, implementations areneeded that prove the validity of su
h an approa
h.6 Con
lusionWe are in the infan
y of Grid development.We have identi�ed many management-related aspe
ts of Grids and have posed some of the problems emerging Grids willfa
e. Point solutions do exist for a subset of these problems, but mu
h remains indeveloping Grids and making the vision a reality.In parti
ular, in addition to thedevelopment of Grid middleware, interfa
es are needed that 
an be used by theappli
ation s
ientists to a

ess Grids. Commodity Grid toolkits enabling a

ess



22to Grid fun
tionality on an API level su
h as in Fortran, Java, and Python areimportant. Portals also must be developed to hide the 
omplex infrastru
ture ofGrids and allow non expert s
ientist using this powerful infrastru
ture..Besides the te
hni
al problems, we also must address the so
iologi
al aspe
ts.We believe that the development of open standards, open sour
e, and open
ommunities is essential if we wish to make the Grid a reality.A
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